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Inactivity Produces Increases
in Neurotransmitter Release and Synapse Size
Turrigiano et al., 1998). When primary cultures of central
neurons are grown for several days in the presence of
a blocker of excitatory synaptic transmission, excitatory
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synaptic contributions to changes in evoked release
have not been identified, nor has the possibility of synap-Summary
tic structural changes been investigated.
We have combined imaging and electron microscopyWhen hippocampal synapses in culture are pharmaco-
logically silenced for several days, synaptic strength to evaluate the functional and structural changes that
occur with disuse. From our studies using hippocampalincreases. The structural correlate of this change in
strength is an increase in the size of the synapses, with synapses, we arrive at two simple conclusions. First,
larger synapses are stronger in the sense that they ex-all synaptic components—active zone, postsynaptic
density, and bouton—becoming larger. Further, the hibit greater release probabilities—this “synaptic size
principle” is, we believe, widely applicable to centralnumber of docked vesicles and the total number of
vesicles per synapse increases, although the number synapses. Second, with disuse hypersensitivity, syn-
apses grow larger and thus stronger.of docked vesicles per area of active zone is un-
changed. In parallel with these anatomical changes,
the physiologically measured size of the readily releas- Results
able pool (RRP) and the release probability are in-
creased. Ultrastructural analysis of individual synapses Release Probability Depends on the Size
in which the RRP was previously measured reveals of the Readily Releasable Pool
that, within measurement error, the same number of According to a simple mechanistic model, release prob-
vesicles are docked as are estimated to be in the RRP. ability is determined by the number of release-ready
vesicles and the exocytic probability of individual vesi-
Introduction cles (Dobrunz and Stevens, 1997; Schikorski and Ste-
vens, 1997). This model is derived from the assumption
Although a class of activity-dependent changes in syn- that vesicles in the readily releasable pool (RRP) are
aptic efficacy known as “disuse hypersensitivity” (Can- identical and independent with respect to exocytosis,
non, 1939; Duclert and Changeux, 1995; Sharpless, but that at most one vesicle can be released at an active
1964, 1975) has been studied for over half a century, zone by a single nerve impulse (Hanse and Gustafsson,
the underlying mechanisms are still incompletely under- 2001; Korn and Faber, 1991; Redman, 1990; Stevens
stood. In a variety of situations, disuse of a synapse and Wang, 1995). Using the FM1-43 method (Cochilla
produces, after several days, an enduring increase in et al., 1999), we were able to measure the release proba-
synaptic strength. At least some forms of this process bility and the size of the RRP at individual synapses
require protein synthesis (Fambrough, 1970; Grampp et on hippocampal neurons maintained in culture. Release
al., 1972), and the phenomenon is somehow related to probability was estimated by a previously described
the fundamental homeostatic mechanisms through method (Murthy et al., 1997) that involves stimulating
which synaptic strength is set (see, for example, Craig, release at a low rate and quantifying the amount of
1998; Davis and Goodman, 1998; Turrigiano and Nelson, membrane recaptured by endocytosis. Briefly, the fluo-
2000). Further, disuse hypersensitivity is believed to play rescence per vesicle can be measured (Murthy et al.,
a central role in the pathogenesis of such diverse dis- 1997; Murthy and Stevens, 1998), and individual boutons
ease states as tardive dyskinesia (Casey, 2000), nicotine can be easily recognized, so we can count the average
addiction (Dani and Heinemann, 1996), and glaucoma number of vesicles released per bouton (one vesicle is
(Clark, 1989). stained for each exocytotic event) when cells in the
Recent studies of disuse hypersensitivity have fo- culture are stimulated. By dividing the average number
cused on mammalian central synapses grown in culture, of vesicles released per bouton by the number of stimuli
a system with unique advantages for investigations of delivered, we obtain the average number of vesicles
long-term synaptic plasticity (Lissin et al., 1998; O’Brien released per bouton per stimulus; this is our estimate
et al., 1998; Okabe et al., 1999; Rao and Craig, 1997; of release probability. Sources of errors associated with
this method are considered in the Discussion.
In the same preparation, the size of the RRP was3 Correspondence: stevens@salk.edu
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measured by using a stimulus of 40 action potentials at membrane appears to touch the active zone membrane
(see Figure 2A). Figure 2B shows a set of synapses20 Hz (see Murthy and Stevens, 1999), a number that is
selected to give an RRP size equal to that estimated reconstructed from 16 sections (about 1 m for the se-
ries) with the FM1-43 fluorescence image superim-by application of hypertonic solution, our operational
definition of the RRP (Rosenmund and Stevens, 1996; posed. Reconstruction of 14 synapses, whose RRP size
had previously been estimated with the FM1-43 method,Stevens and Tsujimoto, 1995; Stevens and Williams,
2000). The idea here is to stimulate rapidly so that all of yielded a strong match between the number of vesicles
in the RRP and the number of docked vesicles (Figurethe immediately available vesicles will be released be-
fore an appreciable number of new vesicles can dock 2C). These observations confirm with a physiological
measure of RRP size, the recent conclusion, based onand prime. Figure 1A shows a field of processes labeled
with FM1-43 with the two protocols, one to estimate photoconversion of FM1-43 labeled vesicles, that the
RRP and the docked vesicle pool coincide (Schikorskirelease probability and the second to determine RRP
size. Converting fluorescence intensities to release and Stevens, 2001).
We conclude that, within the errors of our experimentprobability and number of vesicles, we obtain the rela-
tion between the two quantities that are strongly corre- (perhaps 20%, due to some refilling of the RRP and
sampling and classification errors), the RRP is the func-lated (r  0.68, p  0.01; Figures 1B and 1C). The data
are adequately described by the equation p  1  tional counterpart of the docked vesicle pool. Because
resting release probability is determined by the size ofexp(0.057  N), derived from the model outlined
above, where p is the release probability, N is the number the RRP (Dobrunz and Stevens, 1997) (see Figures 1B,
4A, and 4B), the docked vesicle pool is a correlate ofof vesicles in the RRP, and the constant 0.057 is the
probability that an individual vesicle will undergo exo- synaptic strength. Furthermore, the docked vesicle pool
size covaries with active zone area, postsynaptic densitycytosis when a nerve impulse arrives. Of course, more
complex models, ones that relaxed the assumption that area, bouton volume, and spine head volume (Harris
and Stevens, 1989; Schikorski and Stevens, 1997, 1999)docked and primed vesicles are identical and indepen-
dent, could be equally satisfactory; if vesicles have dif- (see Figure 6). Thus, synapse size is a morphological
correlate of synaptic strength (defined as RRP size andferent probabilities of release but are independent, 0.057
would be the average probability that a single vesicle release probability); large synapses are strong, small
synapses are weak.would be released. The average number of vesicles in
the RRP in these experiments was 6.8  0.37, and the
average release probability was 0.29  0.02 (95 syn- The Quantity of Neurotransmitter Released
apses from three experiments). at Each Synapse Increases with Disuse,
We conclude that the release probability is, for the but the Relation between RRP Size
standard conditions under which we measure it, deter- and Release Probability Is Unchanged
mined by the number of vesicles in the RRP. Because Because increased synaptic strength occurs with disuse
the sizes of the RRP and the recycling pool are highly hypersensitivity, we examined the average number of
correlated (Murthy and Stevens, 1999), release probabil- vesicles released per synapse for a single stimulus. For
ity would also be related to the recycling pool size, as these experiments, the quantity of FM1-43 taken up
has been demonstrated (Ryan et al., 1997). in response to 20 stimuli (administered at 0.5 Hz) was
measured and converted to the average vesicle number
released per stimulus for each synapse. ExperimentsThe RRP Coincides with the Docked Vesicle Pool
Current concepts hold that vesicles must be docked to were carried out when cells had been in culture for three
weeks (2 days), and nerve impulse activity in the cul-the active zone and undergo priming in order to become
release ready. Figure 2A identifies docked vesicles, the tures was eliminated by treatment with tetrodotoxin
(TTX, 500 nM) for 3, 4, 5, and 9 days immediately beforeactive zone, and the postsynaptic density (PSD) at a typical
hippocampal synapse in culture. Because only vesicles the cells were studied; parallel experiments were run on
untreated sister cultures to serve as a control. A typicalthat are docked are available for release, the physiologi-
cally defined RRP must be a subset of the docked vesicle population of synapses for the control and 5 days of
disuse appears in Figures 3A and 3B. The average num-pool (in so far as we can accept the conclusion that signifi-
cant numbers of vesicles do not have time to dock and ber of vesicles released per stimulus per synapse was
0.30  0.01 for the control cultures and was approxi-prime during the interval required to deplete the RRP).
In seeking the structural correlate of the RRP at indi- mately double that number for the disused synapses.
The number of vesicles an average synapse releasedvidual synapses, we took advantage of the relatively
sparse distribution of synapses in dissociated cultures per stimulus increased steadily over a period from 0 to
9 days of disuse (Figure 3C) and reached an average(compared to intact brain tissue). The low synaptic den-
sity permitted us to examine with electron microscopy value of 0.78 (compared to 0.29 for the controls) after 9
days of disuse. The average number of vesicles releasedthe same synapses that had been studied in physiologi-
cal experiments. First, we estimated the size of the RRP per synapse appeared to approach 1 exponentially with
a time constant of 7.9 days (see Figure 3C).using the FM1-43 method as before. Then, using fiducial
markers to identify the relevant region of the prepara- To examine the possibility that disuse alters the rela-
tionship between RRP size and release probability, wetion, we counted the numbers of docked vesicles from
serial electron microscope images of the same syn- determined this RRP/probability relationship in five ex-
periments on 3 week old cultures that had been silencedapses. Docked vesicles were taken to be those that are
morphologically docked in the sense that the vesicular for the 5 days before the experiments by continuous
A Structural Basis for Changes in Synapse Strength
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Figure 1. Relation between Release Proba-
bility and the Size of the RRP
(A) Superimposed images of FM1-43 fluores-
cence (green) and differential interference
contrast (purple) of a field of neural pro-
cesses. The right panel shows FM1-43 uptake
consequent to evoking 25 action potentials
at 0.33 Hz to estimate the release probability.
The preparation was washed in dye-free me-
dium for 5 min, and two images were ac-
quired. After applying a destaining stimulus
of 1000 action potentials at 10 Hz to evoke
release of all the stained vesicles, we ob-
tained two more images. The fluorescence
image is the difference between the initial and
final images. After resting 10 min, the same
preparation was labeled using a stimulus of
40 action potentials at 20 Hz, which releases
the RRP of vesicles. Washing, image acquisi-
tion, and destaining were repeated as before.
The left panel shows the field with synapses
labeled using this procedure.
(B) Fluorescence intensities were converted
to number of vesicles by dividing the intensity
values by the estimate for single vesicle fluo-
rescence (Murthy et al., 1997). For release
probability estimates, intensities were further
divided by the number of stimuli delivered. A
plot of the two measures for 95 synapses
from three experiments is shown along with
a theoretical curve described in the text. Note
that while the exact values of the release
probability and the RRP depend upon the ac-
curacy of our estimate of single vesicle fluo-
rescence, the relation between the two quan-
tities is independent of this estimate.
(C) The data presented in (B) were smoothed
by averaging release probabilities for groups
of 5 synapses with similar RRP sizes and plot-
ted in (C) as a function of the average RRP
size for each five-synapse group. The smooth
curve is the same as for (B).
application of 500 nM TTX; in these experiments the The smooth curve in this figure corresponds to a single-
vesicle release probability of 0.057.average release probability increased from 0.26  0.01
in the controls to 0.64  0.02 in the disused synapses.
The effect is illustrated for a typical cell in Figures 4A Blocking Postsynaptic Activity Increases Docked
Vesicle Number and the Size of the RRPand 4B, where it can be seen that the relationship be-
tween RRP size and release probability is not detectably We demonstrated above that synapses increase the
quantity of neurotransmitter they release after disusealtered by disuse (compare with Figures 1B and 1C).
Neuron
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Figure 2. Comparison of the RRP and Docked Vesicle Number
(A) Micrograph of a typical large excitatory synapse in culture. This micrograph includes the bouton (bout) with a mitochondrion (mito) and
docked vesicles together with a region of dendrite (dend). The active zone and apposed PSD are delimited by the two arrowheads, and two
docked vesicles are indicated by the two filled arrows. The unfilled arrow designates a vesicle near the membrane that is not docked. The
scale bar is 0.5 m.
(B) The top panel shows an electron micrograph with the FM1-43 image superimposed. Note that the green splotches (whose pixel integrity
has been maintained) superimpose remarkably well with clusters of vesicles within synapses. In the bottom panel, the same fluorescence
image is now superimposed on tracings of the dendritic and axonal processes from serial sections. The single dendrite in the field is represented
by thick black lines. Any particular axon appearing in different sections is represented by a single color (there are a total of five axons). The
active zones appearing in each section are marked by thick red lines.
(C) Reconstructions similar to the one shown above were used to count the number of docked vesicles for 14 synapses (five from disused
cultures and nine from control cultures) that were matched to the corresponding FM1-43 images. The number of docked vesicles for each
synapse is plotted against the number of vesicles in the RRP, estimated by the FM1-43 method. There is a good correspondence between
the two measures (r  0.78, p  0.01).
and found that the relationship between release proba- mental Procedures, increased by about 50% when com-
pared with synapses in parallel, untreated cultures (Fig-bility and RRP size is unchanged. We therefore used
FM1-43 imaging and electron microscopy to compare ure 5A). In NBQX-treated preparations, the number of
vesicles in the RRP—estimated as described earlierthe sizes of the RRP in control cultures and in cultures
whose synapses had been disused. Cultured neurons (Murthy et al., 1997; Murthy and Stevens, 1998)—was
12.1  0.27 (426 synapses), which is significantly larger(12–15 days in culture) were exposed for 2 days to 10 M
2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f] quinoxaline- (p  0.01) than the corresponding number for control
preparations, 8.5  0.21 (424 synapses).7-sonfonamide (NBQX), an antagonist of the -amino-3-
hydroxy-5-methyl-4-isoxazol proprionate (AMPA) subtype This observation prompted us to determine if parallel
ultrastructural modifications occur in the docked vesicleof glutamate receptors (see Experimental Procedures).
This manipulation blocks a large fraction of the excit- pool with disuse hypersensitivity. In particular, we won-
dered whether the number of docked vesicles was al-atory postsynaptic currents, leading to a reduction in
spiking activity. After the two days of activity blockade, tered, as was the RRP. Estimates of docked vesicle
numbers from serially reconstructed synapses revealedthe size of the RRP, estimated as described in Experi-
A Structural Basis for Changes in Synapse Strength
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Figure 3. Average Number of Vesicles Re-
leased per Synapse per Single Action Poten-
tial as a Function of Number of Days of Disuse
Produced by TTX Application
(A) Fluorescence image of synapses in control
culture. Synapses were loaded with FM1-43
(20 M) by 20 stimuli delivered at 0.5 Hz. The
mean fluorescence intensity per synapse is
6.2 ( 1.4 SD) 103 units, and the mean single
vesicle was 1126  67 units, so the average
release probability is 0.28 for the synapses in
this image. The image dimensions are 20 
16 m.
(B) Fluorescence image from a sister culture
that had been silenced for 5 days with 500
nM TTX; stimulation conditions as for (A). The
mean fluorescence intensity per synapse for
the silenced culture is 15.2 ( 7.2 SD)  103
units and the mean single vesicle fluores-
cence is 1182  83 units, so the average re-
lease probability is 0.64. Cultures were 19
days old at the time of the experiment. Same
image dimensions as (A).
(C) Data from cells grown in TTX-treated cul-
tures are represented by circles, and data
from untreated sister cultures appear as
squares. Error bars represent the standard
error of the mean; where no error bars appear,
the standard error is less than the diameter
of the symbol. The number of synapses repre-
sented in the figure for the TTX treated/con-
trol cultures were 684/237 (3 days, 4/3 experi-
ments), 654/402 (4 days, 4/3 experiments),
800/397 (5 days, 5/3 experiments), and 178/
230 (nine days, 1/2 experiments).
that, following NBQX treatment for two days, the number and control synapses did not differ in number of docked
vesicles perm2 of active zone membrane (152 vesicles/of docked vesicles increased from 8.55  0.61 (55 syn-
apses) to 11.3  1.01 (46 synapses); these means are m2 for control versus 160 vesicles/m2 for disuse); with
disuse hypersensitivity, however, the average activesignificantly different (p  0.01). The cumulative histo-
gram for docked vesicle pool sizes is shown in Figure zone area increased to 0.067  0.006 m2 from 0.051 
0.0045 m2 for the control cultures, a significant differ-5B. This morphologically determined increase is not sig-
nificantly different from the increase in the size of the ence (p  0.01). Thus, disuse hypersensitivity is associ-
ated with an increase in active zone area that parallelsphysiologically-defined RRP. Therefore, the increase in
the size of the RRP is explained parsimoniously by an the increase in RRP and docked vesicle pool sizes.
Although synapses are formed from structural contri-increase in the number of docked vesicles.
butions by two separate cells, this bicellular object con-
stitutes a single structural unit in the sense that, as notedSynapses Grow with Disuse Hypersensitivity
above, the sizes of pre- and postsynaptic componentsHow might the size of the docked vesicle pool increase?
covary. For example, the active zone and postsynapticOne possibility would be to dock more vesicles to the
density are just the same size, and the bouton volumeexisting active zone; the density of docked vesicles at an
and total synaptic vesicle number are all correlated withactive zone is normally low enough that approximately
one another and with the post synaptic density area. Asdouble the number of vesicles could potentially be ac-
shown in Figures 6B and 6C, all these quantities arecommodated in the space available (Schikorski and Ste-
larger with disuse hypersensitivity. In addition, the rela-vens, 1997). An alternative would be to maintain the
tionship between the size of various synaptic compo-density of docked vesicles but to increase the size of
nents is maintained.the active zone. Of course, these possibilities are not
We conclude that synapses increase their size withmutually exclusive, and the actual mechanism could
disuse hypersensitivity and that the subparts of the syn-be some combination of increasing vesicle density and
apse retain their normal size interrelations.active zone size. To determine which alternative holds,
we measured active zone areas for the synapses in
which we had counted the numbers of docked vesicles. Discussion
As can be seen from the plot of docked vesicle number
as a function of active zone areas in Figure 6A, synapses We have demonstrated a synaptic size principle that
we believe to be an important and general relationshipthat had been treated to produce disuse hypersensitivity
Neuron
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Figure 5. Chronic Blockade of Excitatory Synaptic Transmission
Results in an Increase in the Size of the RRP and the Number of
Docked VesiclesFigure 4. Release Probability as a Function of RRP Size for 78
Synapses (A) Cumulative density plots of the number of vesicles in the RRP
for control synapses and synapses treated with 10 M NBQX for 2(A) Release probability measured as in experiments that are repre-
days. For each condition, data from 6 coverslips are pooled. Thesented in Figure 1. Cells were grown for 3 weeks in culture, with
average number of vesicles in the RRP in control cultures was 8.5the experiment done after 5 days of inactivity produced by 500 nM
0.21 (n  424) and those in NBQX-treated cultures was 12.1  0.27TTX. The smooth curve is the same as the one in Figure 1, with a
(n  426).release probability per vesicle of 0.057.
(B) In a different set of cultures, serial electron micrographs were(B) Data from (A) smoothed by averaging release probabilities over
used to count the number of docked vesicles for control and NBQX-groups of five synapses with similar RRP sizes and plotted as a
treated cultures. The cumulative density plot shows that NBQX treat-function of the average RRP size for each group of five synapses.
ment leads to an increase in the number of docked vesicles. ControlSmooth curve is the same as in (A) and Figure 1.
synapses had an average of 8.6 0.6 docked vesicles (55 synapses),
and NBQX-treated synapses had 11.3  1.0 docked vesicles (46
synapses).between synapse structure and function—synapse size
determines release probability (Pierce and Lewin, 1994).
We have also provided a simple explanation for how 2000) and the increased number of glutamate receptors
(Liao et al., 1999; O’Brien et al., 1998; Rao and Craig,this link occurs: release probability depends on the size
of the RRP, which is equivalent to the docked vesicle 1997). In so far as postsynaptic receptor densities are
unchanged in disuse hypersensitivity, the increased post-pool. Furthermore, our explanation for disuse hypersen-
sitivity as increased synapse size is, in terms of the synaptic density area we find would predict approxi-
mately a 50% increase in mEPSC size. Indeed, immuno-synaptic structure/function correlation, also very simple.
Synaptic strength is determined jointly by release gold electron micrograph studies have established that
postsynaptic receptor density is approximately con-probability and the size of the postsynaptic response
to a single quantum of neurotransmitter. All of our physi- stant (Nusser et al., 1998; Takumi et al., 1999), and a
recent physiological investigation has found a roughological measurements related to presynaptic contribu-
tions to synaptic strength, but the increased size of the correlation between calcium influx mediated by NMDA
receptors (under conditions of spontaneous vesicle re-postsynaptic density that results from disuse offers a
simple explanation for two postsynaptic effects ob- lease) and the corresponding synaptic “contact area”
measured ultrastructurally (Mackenzie et al., 1999).served with prolonged synaptic disuse: the reported
increase in miniature excitatory postsynaptic current Larger synapses had larger calcium responses presum-
ably because of larger numbers of NMDA receptors.(mEPSC) amplitude (Turrigiano et al., 1998; Watt et al.,
A Structural Basis for Changes in Synapse Strength
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Figure 6. Synaptic Size Scales Up with Disuse Hypersensitivity
(A) A plot of the active zone area versus the number of docked vesicles for control and NBQX-treated cultures indicates that this relationship
is preserved with disuse hypersensitivity. This implies that the docked vesicle density in the active zone is unaltered after NBQX treatment,
and the structure simply scales up.
(B) Presynaptic bouton volume is correlated with the total number of vesicles, and this relation is unaltered by NBQX treatment.
(C) Both sides of the synapse increase proportionately after NBQX treatment. Plots of active zone area versus postsynaptic density area
indicate that both parameters are larger after prolonged disuse and maintain their relation.
We have estimated the release probability per syn- lease probability is accurately estimated (Murthy et al.,
1997). We have not exhaustively revalidated the methodapse from the average number of vesicles that were
released over 20 or 25 stimulus trials. This method as- for cultures that have been silenced, but all of our obser-
vations are consistent with what is observed in controlsumes that just one vesicle can be released from an
active zone by one stimulus (Hanse and Gustafsson, cultures. Specifically, the estimates for the fluorescence
of a single vesicle is the same for both (see Figure 2,2001; Korn and Faber, 1991; Redman, 1990; Stevens
and Wang, 1995) and that each synapse contains only legend), the relation between estimates of RRP size and
release probability is unaltered by disuse (compare Fig-one active zone. In fact, however, about 20% of syn-
apses in culture have been reported to have more than ures 1C and 4B), and the shape of the distribution of
RRP size is the same for both (Figure 5A), but the meansone active zone (Schikorski and Stevens, 1997), so our
estimate for release probabilities would be accurate for of the distributions are, of course, different. Further-
more, the relationship between RRP size and numberabout 80% of the synapses and would be an overesti-
mate for the remainder. The scatter of data points seen of docked vesicles is not affected by disuse (Figure 2C).
Although disuse hypersensitivity might be completelyin Figures 1 and 4 probably does not reflect variability
in the relationship between RRP size and release proba- explained by the increased synapse size we have found,
the effect of disuse on rates of synaptogenesis andbility but rather is the result of various random measure-
ment errors. Because release is a random process, the synapse elimination will have to be investigated for a
full understanding of disuse hypersensitivity (Bensonestimates of both the number of vesicles released and
RRP size are subject to errors. Furthermore, the size of and Cohen, 1996; Kirov and Harris, 1999; McKinney et
al., 1999; Okabe et al., 1999). Furthermore, our studiesthe RRP appears to fluctuate somewhat from moment
to moment (Dobrunz and Stevens, 1997). In addition, a have been restricted to excitatory synapses, and we
have no information about implications of disuse forcertain amount of spontaneous release occurs, and this
would cause the release probability to be slightly overes- inhibitory synaptic transmission (Micheva and Beaulieu,
1995, 1996). Finally, we have not investigated the inversetimated (Murthy and Stevens, 1999). Finally, the fluores-
cence intensity per vesicle varies considerably, and of disuse hypersensitivity, the decrease in synaptic
strength that results from increased synaptic activitynoise is introduced through fluctuations in illumination
intensity and by the CCD camera (Murthy et al., 1997). (Davis and Goodman, 1998; Turrigiano et al., 1998); we
anticipate that increased activity will cause synapses toWe believe that these various noise sources add up
to give the variability apparent in the figures, and can decrease in size, but demonstrating this is very im-
portant.account for the occasional synapses that appear to have
a release probability greater than 1 (see Figure 4). Quantitative information on the ultrastructure of small
central synapses has become available recently (HarrisWe refer to quantal release throughout, but what we
have actually measured is the difference between two and Sultan, 1995; Harris and Stevens, 1989; Schikorski
and Stevens, 1997) and has prompted speculation onfluorescence intensities of synapses, one measured
after stimulating in the presence of FM1-43 and the other the correlation between physiological properties and
the underlying structural properties. In this study, wemeasured for the same synapses after stimulation (with
no FM1-43 in the bathing solution) that is designed to provide evidence that larger synapses have more
docked vesicles and a correspondingly larger RRP. Sev-release any FM1-43 present in synaptic vesicles. What
we present, then, is the amount of releasable fluores- eral important earlier studies have identified synapses at
the ultrastructure level after physiological investigationcence per synapse. Extensive analysis has confirmed
that this method correlates with other measures of (Buhl et al., 1995; Gulya´s et al., 1993). These combined
morphological and physiological studies have, however,quantal release (see Cochilla et al., 1999) and that re-
Neuron
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the rim of the aperture with vacuum sealant (Dow Corning). Thebeen unable to correlate presynaptic ultrastructural pa-
coverslip formed the bottom of the chamber, and neurons could berameters with function, as we have here, because the
viewed with an oil lens (40, 1.0 NA, Fluotar, Leica or 40, 1.3intracellular labeling methods used obscured features
NA, Olympus UVFL40) of the inverted microscope. The extracellular
of the synaptic fine structure. medium contained 10 M NBQX and 50 M DL-APV to block recur-
The statistical distribution of synaptic sizes and rent activity. Two silver chloride wires, separated by 5 mm and
close to the surface of the coverslip, were used to evoke actionstrengths is remarkably conserved; in autapses, in syn-
potentials. A constant current source was used to pass 10 mAapses made by conventionally cultured neurons, and
for 1 ms, which was well above the threshold for eliciting actionin brain, the distribution of synaptic size and release
potentials.probabilities always has the same shape (Allen and Ste-
Synaptic vesicles were loaded with FM1-43 by bathing the cul-
vens, 1994; Murthy et al., 1997; Schikorski and Stevens, tures in a medium containing 10 M dye (20 M for the experiments
1997, 1999). The shape of this distribution must result illustrated in Figures 3 and 4), and after a 5 s delay (to allow for dye
equilibration with membranes), eliciting a specified number of actionfrom some homeostatic mechanism that involves post-
potentials. To estimate release probability, 25 (or 20) action poten-synaptic detection of synaptic activity and extensive
tials were evoked at 0.33 Hz (or 0.5 Hz), and FM1-43 was superfusedcommunication between the pre- and postsynaptic ele-
for an additional 40 s after cessation of the stimulus. After a 5 minments to give the final distribution of synaptic strengths
wash with dye-free solution, we acquired an image of the stained
while maintaining correlations between the sizes of all synapses and then took another image after destaining (1000 im-
of the synapse components. The release probabilities pulses at 10 Hz); the fluorescence of individual synapses was deter-
mined from the difference between these two images and convertedof neighboring synapses are correlated (Murthy et al.,
to number of vesicles released for each synapse in the population.1997), so the effect must not involve only intra- but also
Release probability was estimated by (ratio of number of releasedintersynaptic communications. We anticipate that an un-
vesicles)/(number of action potentials evoked); this quantity givesderstanding of signaling pathways involved in disuse
the average number of vesicles released per stimulus and provides
hypersensitivity can ultimately provide an explanation an estimate for release probability (see Murthy et al. [1997] for details
for this normal homeostatic regulation of synaptic and a discussion of the limitations of this method). The size of the
RRP was estimated in the same way except we elicited 40 actionstrength.
potentials at 20 Hz with a total time of dye application of 60 s. AfterDisuse hypersensitivity might also offer an attractive
washing the labeled preparation with dye-free medium for over 5model for memory. Structural changes requiring protein
min, images were obtained. Then, a destaining stimulus of 1200synthesis are involved—at least at the neuromuscular
action potentials at 10 Hz was delivered to release dye from the
junction (Fambrough, 1970; Grampp et al., 1972)— synapses, and final images were obtained. All experiments were
synapse specificity is automatically maintained, and the carried out at room temperature.
effect can be bidirectional (increased use results in de-
creased synaptic strength [Turrigiano et al., 1998]). Imaging and Analysis
Imaging was done using a Leica TCS NT confocal laser scanningProbably the most popular previous proposals for syn-
system attached to a Leica DM IRBE inverted microscope or anaptic changes in memory involve the generation of new
Olympus IMT-2 fluorescence microscope with a Princeton Instru-synapses rather than simply increasing (or decreasing)
ments Micromax CCD-1300-yhs camera. For confocal imaging, thethe size of existing synapses (Bailey and Kandel, 1993;
488 nm line of an argon ion laser was used for excitation, and the
Luscher et al., 2000), but the organization of brain wiring emitted light was filtered through a 510 nm long-pass filter cube
makes synaptogenesis mechanisms difficult to imple- and detected by a photomultiplier. A second photomultiplier was
used to obtain transmitted light images of the preparation. Imagesment as a memory mechanism. The validity of a disuse
were 512  512 pixels, with a pixel width of 0.081 m (total imagehypersensitivity model for memory could perhaps be
dimension 41.6 m  41.6 m). Each image was an average ofdemonstrated by discovering the signaling pathways
two successive frames, and two such images (four frames) wereinvolved and then determining if these pathways are
obtained for each observation. The pinhole was set to the fully open
engaged when memories are formed. At best, then, un- position to obtain the greatest depth of field.
derstanding disuse hypersensitivity might provide a key Images were analyzed using custom-written routines in MATLAB
(Mathworks Inc, Natick, MA). Regions of interest (ROI) around iso-to unraveling the cellular basis for long-term memory,
lated bright spots were identified, and the center of mass of eachbut at worst this system should give insight into funda-
spot was calculated. The average intensity over a 7  7 pixel boxmental homeostatic mechanisms.
around the center of mass was calculated. Fluorescence is ex-
pressed in intensity units that correspond to fluorescence valuesExperimental Procedures
averaged over all pixels within the 7  7 box (fluorescence value
for each pixel varied from 0 to 255). This procedure was repeatedCulture Preparation
for each frame. Since ROIs were defined by rectangles, they usuallyHippocampal neurons from rat pups (postnatal 0–3 days) were cul-
included a small background area. Its contribution would be re-tured using the methods described previously (Murthy et al., 1997).
moved, however, since the fluorescence value after complete de-Cultures were allowed to mature for 2–3 weeks before experiments
staining was subtracted from all frames. In a few experiments, slightwere conducted. Cells were superfused with extracellular medium
shifts in successive images were observed. To compensate for thesecontaining (in mM): 136 NaCl, 2.5 KCl, 10 glucose, 10 HEPES, 2
shifts, the region of interest was displaced to be centered on theCaCl2, 1.3 MgCl2, 0.01 NBQX, and 0.05 DL-APV. For experiments
center-of-brightness of the fluorescent spot. A few experimentsinvolving activity blockade, 10M NBQX (or 500 nM TTX) was added
in which excessive shifts in images occurred presumably due toto the culture medium 2 days (or 3–9 days) prior to experiments.
changes in focal distance were discarded.Neighboring cultures in 24-well plates were used as controls, and
Values of various quantities are given as the mean  standardequivalent volume of medium was added without NBQX or TTX. All
error of the mean. Cumulative distributions are compared with thechemicals were obtained from Sigma.
Kolmogorov-Smirnoff test and means with the t test.
FM1-43 Loading and Destaining
For the imaging experiments, a plexiglass chamber was mounted Electron Microscopy
For a quantitative ultrastructural analysis of synaptic size neuronson a movable stage of a microscope. The chamber had a circular
aperture, and the coverslip with neurons was directly attached to were initially fixed in 4% paraformaldehyde, 0.1% glutaraldehyde
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in HEPES-buffered saline (HBS) (20 mM HEPES, 145 mM NaCl, 0.2 Clark, C.V. (1989). Autonomic denervation hypersensitivity in the
primary glaucomas. Eye 3, 349–354.mM CaCl2) at room temperature for 15 min. Specimens were washed
and postfixed in 2% glutaraldehyde in HBS at 4C over night. For Cochilla, A.J., Angleson, J.K., and Betz, W.J. (1999). Monitoring
osmium fixation, specimens were transferred to s-collidine buffer secretory membrane with FM1-43 fluorescence. Annu. Rev. Neu-
and then fixed in 1% OsO4 plus 1% potassuium ferrocyanide at 4C rosci. 22, 1–10.
for 1 hr. After washing in distilled water, specimens were contrasted
Craig, A.M. (1998). Activity and synaptic receptor targeting: the long
en bloc in 1% aqueous uranium acetate at 4C for 1 hr and subse-
view. Neuron 21, 459–462.
quently dehydrated in an ascending acetone series, infiltrated in
Dani, J.A., and Heinemann, S. (1996). Molecular and cellular aspectsEpon, and polymerized at 60C over night.
of nicotine abuse. Neuron 16, 905–908.Fluorescence and Nomarski images of the neurons that had been
studied were acquired at low and high magnification. After being Davis, G.W., and Goodman, C.S. (1998). Synapse-specific control
prepared for electron microscopy (previous paragraph), the neurons of synaptic efficacy at the terminals of a single neuron. Nature 392,
attached to the cover slip upon which they had been grown were 82–86.
embedded in epon. After embedding, but before the cover slip was Dobrunz, L.E., and Stevens, C.F. (1997). Heterogeneity of release
removed, the region containing synapses that had been studied probability, facilitation, and depletion at central synapses. Neuron
was identified by matching the forms of the dendritic trees with 18, 995–1008.
those in the light image of the living cells. The cover slip was then
Duclert, A., and Changeux, J.P. (1995). Acetylcholine receptor gene
snapped off, and the block trimmed to match the region of interest.
expression at the developing neuromuscular junction. Physiol. Rev.
Serial sections (60 nm thick) were cut parallel to the plane of the
75, 339–368.
coverslip, and a series of electron micrographs was taken with a
Fambrough, D.M. (1970). Acetylcholine sensitivity of muscle fiberJeol 100 CX II; these images were digitized and scaled to match
membranes: mechanism of regulation by motoneurons. Sciencethe size of the light images of the living cells. Because the embedded
168, 372–373.tissue is compressed in the direction of knife movement, the scaling
in the cutting direction and that normal to the cut are different. Grampp, W., Harris, J.B., and Thesleff, S. (1972). Inhibition of dener-
Shrinkage normal to the cutting direction is only about 5%, but the vation changes in skeletal muscle by blockers of protein synthesis.
shrinkage together with compression totals about 20% along the J. Physiol. 221, 743–754.
direction of the cut. The synapses identified by FM1-43 staining Gulya´s, A.I., Miles, R., Sı´k, A., To´th, K., Tamamaki, N., and Freund,
and those recognized from the electron micrographs all match over T.F. (1993). Hippocampal pyramidal cells excite inhibitory neurons
regions that are several hundred m across. For the purely morpho- through a single release site. Nature 366, 683–687.
logical studies (Figures 5B and 6), synapses that were completely
Hanse, E., and Gustafsson, B. (2001). Quantal variability at gluta-contained within a series were quantified (Metamorph tools) by mea-
matergic synapses in area CA1 of the rat neonatal hippocampus.suring the length of the active zone and PSD and the area of the
J. Physiol. 531, 467–480.bouton in each section and multiplied by the section thickness.
Harris, K.M., and Stevens, J.K. (1989). Dendritic spines of CA 1Docked vesicles were counted as those that were directly apposed
pyramidal cells in the rat hippocampus: serial electron microscopyto the plasma membrane within the area of the active zone (see
with reference to their biophysical characterisitics. J. Neurosci. 9,Figure 2A).
2982–2997.
Harris, K.M., and Sultan, P. (1995). Variation in the number, locationAcknowledgments
and size of synaptic vesicles provides an anatomical basis for the
nonuniform probability of release at hippocampal CA1 synapses.We are grateful to Richard Jacobs who prepared the serial EM
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